Gated X-ray framing cameras are used to measure important characteristics of inertial confinement fusion (ICF) implosions such as size and symmetry, with ~50 ps time resolution in two dimensions. A pulsed source of hard (>8 keV) X-rays, would be a valuable calibration device, for example for gaindroop measurements of the variation in sensitivity of the gated strips. We have explored the requirements for such a source and a variety of options that could meet these requirements. We find that a small-size dense plasma focus machine could be a practical single-shot X-ray source for this application if timing uncertainties can be overcome.
INTRODUCTION
Gated X-ray cameras are essential diagnostic tools for the High Energy Density Plasma (HEDP) community. In particular, these cameras are used in inertial confinement fusion (ICF) studies at the National Ignition Facility (NIF) to record the X-ray self-emission from laser-produced plasmas. This emission is a complex spatio-temporal scene 1 evolving on very fast timescales, on the order of 50 ps. Every two-dimensional (2D) frame recorded by the gated cameras is a significant source of information for the plasma physicists trying to accurately model the complex process of implosion of the fusion capsules.
The basic operation of an X-ray gated camera is shown in Figure 1 . Multiple and identical images of the X-ray source are created with a pinhole array. In Figure 1 only two images are shown for simplicity but some of the latest cameras can capture four or more images. The images are projected onto two metallic strips that represent the front-end of the gated camera. These strips are typically gold-coated and their function is similar to that of a photocathode. The X-ray photons incident on these strips will create photoelectrons. A multi-channel plate (MCP) is sitting behind the Au strips ready to capture the photoelectrons. However, a low-level bias is applied at the face of the MCP and no photoelectrons are captured until the bias is overcame by a negative high-voltage (HV) potential. This potential is introduced by applying a travelling HV pulse to the Au strips. Only when the HV pulse physically overlaps with the region on the strip exposed to X-rays are photoelectrons being generated, then captured by the MCP and multiplied. The multiplied electrons will strike the phosphor creating a 2D snapshot of the X-ray scene according to the timing of the HV pulse. By adjusting this timing on a different strip, another temporal slice of the scene can be captured at intervals as short as 50 ps.
The key event in the operation of these cameras is the multiplication of the initial photoelectrons in the MCP. The Gain G of the MCP is extremely sensitive to the exact value of the amplitude of the HV pulse on the strip, V strip . Researchers at the Lawrence Livermore National Laboratory 2,3 (LLNL) have studied this dependence very carefully and found out that G is highly dependent on V strip , G ~ V strip [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Any small variations in the value of V strip will lead to different gain values and final CCD images that do not correspond to reality. Some of the factors creating these voltage differences are: dispersion, Ohmic losses, electromagnetic cross talk, manufacturing uncertainties, and inter-strip timing. Although significant efforts were made by camera designers to eliminate all these effects, some small variations in the voltage still remain and can introduce gain differences of up to 3 times. The best solution to this problem is to calibrate out the remaining voltage differences. This is done in a single shot by illuminating the camera uniformly with X-rays. The resulting image is called a flat field and it is used to calibrate the response of the camera. Once the flat field image is recorded, the camera is ready to be used in ICF experiments. Figure 1 . X-ray gated camera operating principle. Multiple images of the X-ray scene are projected onto the Au strips of the camera with a pinhole array. Traveling high-voltage pulses are being sent at different times across the strips, thus capturing different instances of the X-ray scene.
FLAT-FIELDING METHODS

Dedicated NIF Shots
In a flat fielding experiment, an X-ray source is needed to produce the uniform illumination. The source emission should also be nearly constant in time during the camera exposure similar in spectrum to the plasma sources produced during the real implosion experiments. For these reasons, the most comprehensive flat-fielding method is a dedicated NIF shot 4 where some of the 192 NIF laser are used to illuminate a single Au-coated plastic sphere and create a high density, hot plasma. No imaging is used for these shots, the strips of the gated camera are directly exposed to the uniform (in space) exposure of the X-rays and photoelectrons are produced for the entire length of the strips. The intensity required for a single shot was calculated by the NIF scientists 4 to be 10 20 photons/sec/cm 2 . An X-ray diode is used to monitor the output of the source and to normalize the temporal camera response. A flat field gain correction function is produced and the camera can be used for ignition experiments in that particular configuration.
A full characterization of the gated cameras requires, however, many more calibration tests. There are operating parameters such as the amplitude of the HV pulse or the bias voltage, the inter-strip delay and others that can substantially change the camera response. Ideally, a dedicated NIF shot would be needed for each configuration. However, NIF shots are costly, both in terms of funding and the time needed to plan, design, execute the experiment and process the data. In many cases a compromise is used where dedicated NIF shots are only used for essential calibration tests while other, more elaborate measurements are performed using other tools such as petawatt (PW) or UV lasers.
PW Lasers
One of the advantages a PW laser has over the NIF laser is the faster repetition rate. Shot rates that can reach 1 Hz or even faster for some of the more recent, diode-pumped systems. These lasers used the chirped-pulse amplification (CPA) technique to produce very short, typically 100 fs or less, and intense pulses. A larger system producing 1 kJ in a 1 ps pulse or shorter typically fires not more than 2 shots in 1 hour. The plasmas generated by such PW lasers do have similar X-ray emission characteristics as the plasmas produced during HEDP experiments, but only for times comparable to the pulse duration. The CPA laser can be detuned to produce longer pulses but the X-ray intensity will decrease. Nonetheless, the flexibility in operation of PW lasers was used to build linearity response curves 4 for X-ray gated cameras, up to a limit in the X-ray source intensity reached at the highest energy the laser can produce.
UV Lasers
Another method for flat-fielding gated X-ray cameras is taking advantage of existing laser technology that allows the production of UV pulses, with durations from <100 fs to few ns. The energy of one single photon is approximately 6 eV, There are two types of UV flat-fielding measurements. The first is a DC flat-fielding where the camera is not used in gated mode, instead, the HV traveling pulse is replaced with just a simple, DC voltage applied over the entire surface of the strips. The result is called a static flat field image. In pulsed mode, the HV travelling pulse only overlaps partially with the shorter, <100 fs, burst of UV radiation. The overlapping of the two signals is sketched in Figure 3 . During the 100 fs exposure time, the HV pulse does not practically change. This calibration is therefore used to characterize the profile of the HV pulse, hence it is called a gate profile measurement. Figure 3 . Constructing the gate profile of a gated X-ray camera with UV laser pulses. The UV pulse is directed towards the microstrip at near normal incidence. The UV pulse covers physically the entire strip but it only interacts with it for approximately 100 fs. This duration is shorter than the FWHM of the HV pulse, ~100 ps.
Multiple gate profile measurements can be "stitched" together by changing the delays of the HV and the UV pulses. The energy level in the UV pulse is accurately recorded for each shot and used to normalize the gate profile images. From the delay information, one can infer the velocity of the HV pulse across the microstrip. By summing all the normalized gate profile images, an approximate map of the gain performance across the strips can be constructed.
These measurements can result in very useful flat field data over the entire dynamic range if precisely calibrated filters are used. The data can quantify linearity and reproducibility issues at almost any operating configuration. However, the main drawback of this method remains the fact that the UV photons have much less energy than the X-ray photons, and, therefore, the mechanism through which the electrons are released by the UV photons is highly dependent on the design of the microstrip. Consequently, continuous improvements to these designs may alter the mechanism of the electron production by the UV pulses in unknown and unpredictable ways.
Pulsed X-Ray Tubes And Diodes
A burst of X-ray radiation can also be produced in a conventional X-ray tube when electrons bombard the anode electrode. The electrons are accelerated by the applied voltage in the cathode-anode gap. A conventional tube operating in a steady-state mode will only see a maximum anode current on the order of few milliamperes due to space charge 5 . The current can increase significantly, to the order of few kA for few tens of ns, for cold cathode, vacuum diodes powered by HV pulses delivered by a Marx bank, a Blumline generator, or other pulse-forming technologies. However, even at a current near 10 kA there will only be maximum 10 15 electrons/pulse striking the anode. For a solid Cu anode, the K α production efficiency per unit solid angle is approximately 10 -3 , and so the highest X-ray output from a 10 ns pulsed HV diode is 10 12 photons/pulse/sr or 10 20 photons/sec/sr 6 . A flash X-ray source with this output could be successfully used for dynamic radiography research but it falls short in reaching the brightness needed to be an alternative to dedicated NIF shots for flat-fielding of gated X-ray cameras where the requirement is 10 24 photons/sec/sr 7 (assuming source is placed 1 m in front of the camera).
DENSE PLASMA FOCUS
DPF Introduction
A dense plasma focus machine is an electrical discharge that is produced in a low-pressure gas. This type of discharge was developed in the 1960s and it was extensively investigated as a promising nuclear fusion technology at the time.
Machines with different electrode shapes and materials, running with various gases and gas mixtures at a variety of pressures, voltages and energies were built with the goal of further increasing the neutron output. After about 25 years of experimental efforts and modeling, when it became evident that nuclear fusion is beyond the reach of this technology, the focus gradually shifted towards a DPF as a source of X-rays or charge particle beams for lithography or flash radiography. A DPF machine consists of a central anode electrode surrounded by a series of electrodes forming the cathode (see Figure 4 ). The anode electrode is typically made of a metal such as copper and it can be solid or hollow. An insulator is placed between the anode and the cathode. A set of capacitors are slowly charged at voltages from 10 kV to 20 kV for a medium-size machine which can store up to 100 kJ of energy. This energy is stored in the capacitor bank until a highcurrent spark gap is switched on and the cathode-anode discharge is initiated.
DPF Operation
The most important operating phases of a DPF are shown in Figure 4 . The breakdown phase initiates after the switch (spark gap) closes. A fairly broad and diffuse ionization front develops axisymmetrically along the insulator. Charges are moving along the insulator surface and the discharge current increases steadily. The current keeps increasing during the run-in phase when the plasma sheath breaks away from the insulator and moves along the anode towards the end of it. The force behind the movement is the Lorentz force. A well designed DPF machine will have the current rise up until the next phase, the pinch. The pinch occurs on-axis, in front of the central electrode. The funnel-shaped plasma sheath quickly collapses into a dense and hot plasma column of ~1 mm diameter and few tens of mm length. There is a list of phenomena developing during this phase: the discharge current collapses, plasma column instabilities are excited, multiple micro-pinches form along the plasma, and extremely large axial electric fields are created. These fields can be few times larger than the charging voltage and they are responsible for the acceleration of charged particles and the formation of electron and ion jets. The electron beams in particular are directed towards the surface of the anode or inside the anode if the anode is of a hollow design. If they hit the anode, these beams will generate hard X-ray pulses having a combination of a Bremsstrahlung and characteristic lines of interest for an X-ray source such as the Cu K α lines.
DPF Hard X-ray Output
While the main objective of DPF research was the increase of the neutron output, the hard X-ray "by-product" was observed and sometimes investigated. A careful analysis of the spectrum of the hard X-ray pulses from a 54 kJ machine of paraboloidal design was done in 1970 by Van Paassen et al. using pairs of Ross filters 8 . Their measurements were done only on axis where it was found that 90% of the hard X-ray emission is near the Cu K α line and that output amounted up to 4 J/pulse, assuming isotropic emission in 4π sr. The efficiency of this DPF machine is then 7×10 -5 . No precise information on the temporal evolution of the X-ray emission is provided in this study. If an assumption is made that the X-ray pulse width is approximately 10 ns, then the brightness of this source would be 2.5×10 22 photons/sec/sr, about 40 times below the ideal brightness for a flat field source (10 24 photons/sec/sr). However, this X-ray output is encouraging since the authors made no effort to maximize the X-ray output. Higher efficiencies were obtained in later studies with machines optimized for hard X-ray production. Ahmad et al. 9 used a pre-ionization discharge to improve the shot to shot reproducibility and to increase the Cu K α output to a total of 20 J from their 2.7 kJ machine. This is a very efficient hard X-ray source with an unparalleled 0.7% conversion efficiency of Cu K α X-rays from stored electrical energy. The brightness of this source is 1.3×10 23 photons/sec/sr if the X-ray pulse is ~10 ns. Based on the X-ray output alone, such a source could be used for flat fielding. In addition, because of its relatively small stored energy of only 2.7 kJ, it is reasonable to believe that the X-ray output could increase if this machine is scaled up.
DPF Hard X-ray Pulse Width and Timing
While the output of an optimized DPF X-ray source may reach the required brightness for the camera calibration, the radiation pulse should also be short and reproducible. This means the X-ray pulse should have a width of approximately 10 ns and a low jitter.
A simplified representation of a timing diagram for a DPF used the calibration of gated cameras is shown in Figure 5 . The calibration process always relies on accurate timing. Just as in the case of calibration with dedicated NIF shots, the timing sequence relies on a "master" trigger signal that is split for the camera and the DPF. If the X-ray pulse width from the DPF is approximately 10 ns, then the jitter between the X-ray pulse and the microstrip HV pulse should be less than ~3 ns. Since the camera electrons inherently produce very stable timing pulses, the major jitter factor stems with the switch of the DPF, usually a spark gap, and the reproducibility of the X-ray pulse generation. The former can be improved to better than 5 ns if a laser-triggered spark gap is used. As about the latter, no study can be found in literature that specifically addresses this concern. However, it can be indirectly assumed from interferometric measurements of the DPF parameters such as plasma density, that this jitter could also approach 5 ns. Overall, although the timing sequence will not be as reliable as the case of a dedicated NIF shot, there is hope that a DPF can be synchronized well-enough for flat field calibration tests, if the X-ray pulses are approximately 10 ns. There is significant evidence that DPF machines can produce short X-ray pulses, with some researchers even reporting less than 10 ns pulse widths, such as in the work done by Verma et al. in 2010 10 . Many other studies 11, 12 report X-ray pulse widths between 10 ns and 50 ns, which is encouraging given the fact that the majority of these studies did not attempt to improve the X-ray output or to shorten the pulse duration.
CONCLUSIONS
We have explored the requirements for a laboratory size, pulsed X-ray source for flat-fielding of gated X-ray cameras. The spectral emission should be predominantly near 8 keV and the brightness in the range of 10 22 photons/sec/sr to 10 24 photons/sec/sr in order to cover the entire dynamic range of the gated cameras in a single shot. The ideal pulse width is ~10 ns with a corresponding jitter between the camera and the source of not more than 3 ns. Some scientific literature reports suggest a dense plasma focus (DPF) machine could be a very efficient source of hard X-rays, with efficiencies reaching 0.7% (electrical to X-rays). Such DPF machines could be optimized to achieve the brightness needed for flat fielding, but they also have to have low jitter and be reproducible. Given the complex temporal evolution of the plasma sheath from the breakdown phase to the pinch phase, we expect timing uncertainties to pose a significant but not unsurmountable challenge.
